Sepsis represents uncontrolled inflammation due to an infection. Cold-inducible RNA-binding protein (CIRP) is a stress-induced damage-associated molecular pattern (DAMP). A subset of neutrophils expressing ICAM-1 + neutrophils was previously shown to produce high levels of reactive oxygen species. The role of CIRP for the development and function of ICAM-1 + neutrophils during sepsis is unknown. We hypothesize that CIRP induces ICAM-1 expression in neutrophils caus- CIRP −/− mice showed significant improvement in their survival outcome (78% survival) over that of WT mice (48% survival) in sepsis. Thus, CIRP could be a novel therapeutic target for regulating iNOS producing and NETs forming ICAM-1 + neutrophils in the lungs during sepsis.
pro-inflammatory cytokines and causes EC dysfunction. 8 The role of CIRP in macrophages, lymphocytes, and ECs has been demonstrated, [8] [9] [10] [11] whereas the direct role of CIRP on neutrophils during sepsis is unknown.
Neutrophils play an essential role in the innate immune response, providing the first line of host defense. Neutrophils can trap and kill microorganisms by releasing neutrophil extracellular traps (NETs) composed of chromatin and antimicrobial proteins. [12] [13] [14] Conversely, the NETs and their components contributing to the pathogenesis of sepsis and other inflammatory diseases have also been reported. 14, 15 Alterations in the phenotypes of neutrophils may influence to their activation and functions. Therefore, elucidation of the novel phenotypes of neutrophils during sepsis will rewrite the pathophysiological features of ARDS.
ICAM-1, also known as CD54 is a member of the Ig-like gene superfamily. 16 ICAM-1 is predominantly expressed on the endothelial and epithelial cells and to a lesser extent on certain subsets of leukocytes. 17, 18 Its expression is up-regulated by the stimulation with LPS, TNF-, IL-1 , and IFN-. [17] [18] [19] ICAM-1 plays pivotal role in cell adhesion, migration, and aggregation via the interactions with its ligands, the integrins such as LFA-1 and Mac-1. [20] [21] [22] [23] With respect to neutrophils, little is known about the status of ICAM-1 expression.
An increased expression of ICAM-1 on neutrophils after stimulation with LPS and TNF-has been shown, which resulted in significant increases in neutrophil-neutrophil adherence and aggregation. 24 The ICAM-1 expressing neutrophils were shown to enhance the effector functions through the increase of phagocytosis and reactive oxygen species (ROS) generation. 25 The role of this subset of neutrophils in terms of augmenting inflammation and tissue injury in a clinically relevant model of systemic inflammation has not been reported so far.
Although the effect of LPS and pro-inflammatory cytokines to induce ICAM-1 expression in neutrophils has been demonstrated, 24, 25 the role of DAMPs on ICAM-1 expression in neutrophils is unknown.
We have recently identified CIRP to act as a novel DAMP which exaggerates inflammation. 8 Elucidation of the role of CIRP on neutrophils for the expression of ICAM-1 will provide crucial information for developing novel therapeutic potential. Thus, we hypothesized that CIRP could induce ICAM-1 expression on neutrophils through binding to its receptor TLR4, leading to exaggerated inflammation and lung injury during sepsis.
We noticed that expression of CIRP and the numbers of ICAM-1 + neutrophils were both up-regulated in lungs during sepsis. Using CIRP knockout (KO; CIRP −/− ) mice we showed a decreased content of ICAM-1 + population of neutrophils in lungs during sepsis. We also revealed the mechanism of CIRP-induced ICAM-1 expression in neutrophils through the involvement of TLR4/NF-B-mediated pathway. Finally, we identified pro-inflammatory function of ICAM-1 + neutrophils in terms of their ability to produce higher levels of iNOS and NETs. Collectively, these findings clearly revealed a unique role of CIRP on neutrophils to cause exaggerated inflammation and ARDS in sepsis. Thus, targeting CIRP could be an effective therapeutic potential to reduce ICAM-1 + population of neutrophils in lungs thereby ameliorating sepsisinduced ARDS.
MATERIALS AND METHODS

Mice
Male 8-to 9-wk-old wild-type (WT) C57BL/6 mice weighing about 25 g were purchased from Charles River (Wilmington, MA 
Cecal ligation and puncture (CLP)-induced sepsis
WT and CIRP −/− mice were anesthetized with 2% isoflurane inhalation. The abdomen was shaved and made sterile with 10% povidoneiodine swab. CLP was performed as described previously. 26 Briefly, after a 1.5 cm midline abdominal incision the cecum was exposed and ligated at 1 cm from the tip with 4-0 silk suture. Ligated distal part of the cecum was punctured once through and through using a shaking. Digested tissue fragments were crushed with a 10 mL syringe plunger and passed through a 70 m cell strainer (Corning). Lysis of RBCs in lung cell suspensions was done using ACK lysis buffer (Mediatec, Manassas, VA). The numbers of isolated lung cells were counted using a microscope (Eclipse TS100; Nikon, Tokyo, Japan).
Assessment of CIRP expression in lung by Western blot
Isolation and purification of bone marrow-derived neutrophils (BMDN)
Mice were anesthetized by 2% isoflurane inhalation and the femurs and tibias were dissected. Marrow contents form bones were flushed out with Ca ++ and Mg ++ free HBSS using a 25-gauge needle into a Petri 
Assessment of iNOS expression by flow cytometry
For the assessment of intracellular iNOS expression, a total of 1 × 
Assessment of NETs by flow cytometry
To detect NETs using flow cytometry, purified BMDN were stimulated with 500 ng/mL rmCIRP for 4 h at 37 • C in 5% CO 2 humidified incubator. After stimulation, neutrophils were fixed with 2% paraformaldehyde for 20 min at room temperature, blocked for 30 min with 2% BSA in PBS at 37 • C. Without a permeabilization step, the cells were then stained with APC-rat anti-mouse Ly-6G Ab (clone: 
Survival study in mouse model of sepsis
WT and CIRP −/− mice were subjected to ligation of cecum at 0.5 cm from the tip with 4-0 silk suture. A single puncture was done to the distal part of the ligated cecum using a 22-gauge needle. A small amount of cecal content was extruded from the punctured cecum. After wound closure using 4-0 silk suture, the mouse was injected with 500 L of the antibiotic Imipenem (0.5 g/kg BW), and 500 L of normal saline subcutaneously. The animals were followed twice a day up to 10 days.
Statistical analysis
Data are presented as mean ± SEM. Differences between 2 groups
were assessed with unpaired Student's t-test. The P-values <0.05 were considered statistically significant. Multiple groups were compared by one-way ANOVA using the Student-Newman-Keuls (SNK) test. All statistical tests were performed and graphics were created using Sigma
Plot graphing and statistical analysis software (Systat Software, Inc., San Jose, CA).
RESULTS
CIRP expression is increased in the lungs in sepsis
Systemic levels of CIRP were shown to be elevated following sepsis and in other inflammatory diseases in rodents and in humans in the previous studies. 8, 28 However, the status of CIRP expression in the lungs following sepsis was unknown. Here, we assessed the protein levels of CIRP in the lungs, which showed significant up-regulation at 20 h of CLP by a mean value of 41.7% compared to sham-operated animals (Fig. 1A ). 
The frequencies and numbers of ICAM-1 + neutrophils are increased in sepsis
Deficiency of CIRP is associated with decreased contents of ICAM-1 + neutrophils in sepsis
We noticed that CIRP levels and ICAM-1 expressing neutrophils were both increased in sepsis ( 
Treatment with rmCIRP induces ICAM-1 expression on neutrophils
We first assessed the expression of ICAM-1 at its mRNA and protein levels in the neutrophils after treatment with rmCIRP using realtime PCR and Western blot, respectively. We found that the BMDN 
Treatment with rmCIRP induces ICAM-1 expression on neutrophils through TLR4-NF-B-dependent pathway
We have previously shown that CIRP induces its pro-inflammatory function by binding to TLR4/MD2 complex in the macrophages. 8 ICAM-1 expression in the myeloid cells was shown to be governed by the activation of the transcription factor NF-B. 29 We therefore assessed ICAM-1 expression on the neutrophils in rmCIRP- 
ICAM-1 + neutrophils express higher levels of iNOS and NETs in vitro
We next aimed to characterize ICAM-1 expressing neutrophils in terms of their iNOS expression. iNOS is expressed following induction by LPS, and serves as an inflammatory mediator. 30, 31 iNOS expression is associated with several inflammatory processes involving the lung that occurs during sepsis. 30, 32 In vitro treatment of BMDN with rmCIRP showed significant up-regulation of iNOS expression in ICAM-1 + neutrophils compared to ICAM-1 − neutrophils (Figs. 5A and B) . Neutrophils often form NETs to kill bacteria. 33 However, in acute inflammatory disorders, aberrantly enhanced NETs formation and/or decreased NETs degradation may play key roles in initiation and perpetuation of inflammatory responses and organ damage. 15 We therefore focused on the assessment of NETs by 
ICAM-1 + neutrophils in the lungs express increased levels of iNOS and NETs during sepsis
We next assessed iNOS and NETs measured by extracellular MPO in the ICAM-1 + neutrophils of lungs in sepsis. We found significant upregulation of iNOS expression in ICAM-1 + neutrophils compared to ICAM-1 − neutrophils in the lung tissues following sepsis (Figs. 6A and   B) . Similarly, we also found significant up-regulation of surface-bound MPO in ICAM-1 + neutrophils compared to ICAM-1 − neutrophils in the lungs during sepsis (Figs. 6C and D) .
ICAM-1 and NETs co-localize on neutrophils
Using fluorescent microscope, we found that NETs as assessed by SYTOX green dye were co-localized with ICAM-1 on the surface of BMDN-treated with rmCIRP (Fig. 7A) . Using flow cytometry image stream tool, we further confirmed that ICAM-1 clearly co-localized with extracellular MPO, a component of NETs at the surface of neutrophils treated with rmCIRP (Fig. 7B ). On the other hand, the ICAM-1 − neutrophils showed comparably reduced levels of NETs as shown by the surface levels of MPO (Fig. 7B ).
Deficiency of CIRP improves the survival of mice with sepsis
Sepsis was induced in WT and CIRP −/− mice by CLP, and the survival of mice was monitored for 10 days. We found that CIRP −/− mice showed a significant improvement in their survival outcome (78% survival) over that of WT mice (48% survival) at the 10th day of CLP (Fig. 8) . Therefore, targeting CIRP could be an effective therapeutic tool for the management of sepsis.
DISCUSSION
The pro-inflammatory role of CIRP in macrophages, lymphocytes and
ECs during sepsis has been demonstrated in the previous studies. [8] [9] [10] [11] CIRP up-regulates TNF-production in macrophages and activates CD4 + T lymphocytes by binding to its receptor TLR4/MD2 complex. 8, 9 CIRP also causes EC dysfunction by increasing inflammasomemediated pyroptosis in sepsis. 8, 9, 11 It has recently been shown that CIRP induces lung endoplasmic reticulum stress and its associated downstream responses to promote sepsis-associated ALI. 10 Neutrophils, one of the major cell populations of innate-immune system play a pivotal role in host defense against pathogens. 34 Depletion of neutrophils frequently leads to a fatal complication, whereas excessive activation of neutrophils results in host tissue damage. 35 The protective and harmful effects of neutrophils depend on the stages of sepsis, as at the onset of sepsis neutrophils are important in attenuating bacteremia, whereas at the late onset of sepsis prolonged and excessive infiltration of neutrophils often causes organ dysfunction. 36 An indirect role of CIRP on neutrophils to cause ARDS was shown during sepsis, in which the CIRP KO mice had reduced levels of neutrophil chemoattractants, MPO, and nitric oxide. 10 Thus, the role of CIRP on and is associated with neutrophil trafficking. 43 Recently, ICAM-1 + phenotype of neutrophils was identified following stimulation of the neutrophils with LPS, TNF, and zymogen particles in vitro, and these neutrophils were shown to exhibit increased effector functions in terms of exaggerated ROS production and phagocytosis. 25 In the current study, using a clinically relevant model of sepsis in mice, we identified increased levels of ICAM-1 + neutrophils in the blood as well as in lungs.
This interesting finding led us to explore the development and function of ICAM-1 + neutrophils during inflammation.
In murine endotoxemia model, PAMP such as LPS has been shown to induce ICAM-1 expression in neutrophils. 25 During sepsis, aside from PAMPs, DAMPs are also known to exaggerate inflammation and tissue injury. 44 Because we have recently identified that CIRP could act as an endogenous DAMP in sepsis, 8 we focused on studying the effect of CIRP on the development of ICAM-1 + neutrophils in sepsis.
Here, we identified a novel role of CIRP for increasing ICAM-1 expression at the surface of neutrophils utilizing TLR4-dependent pathways.
Because canonical TLR4-mediated downstream signaling utilizes the transcription factor NF-B for target gene expression, we further confirmed CIRP-mediated induction of ICAM-1 expression in neutrophils was truly dependent on NF-B pathway. Our current finding with CIRP as the inducer of ICAM-1 expression on neutrophils also supports previous report for the induction of ICAM-1 expression through NF-B pathway. 45 Thus, our present study identifies a new mechanistic pathway for CIRP-mediated up-regulation of ICAM-1 expression on neutrophils through the involvement of TLR4-dependent NF-B-mediated canonical signal transduction pathway.
Aside from enhancing the effector functions by increasing ROS production and phagocytosis, 25 the ICAM-1 + neutrophils were also shown to cause neutrophil aggregation and clumping in the microcirculation during systemic inflammatory response syndrome through the interaction between ICAM-1 and CD11b/CD18 receptors. 24 However, in murine model of polymicrobial sepsis, debilitating role of ICAM- In summary, we identified a novel function of CIRP to generate an immunologically active distinct phenotype of neutrophils (ICAM-1 + Ly6G + ) in blood and lungs during sepsis and under in vitro conditions. We also deduced CIRP directly increased the frequencies and numbers of ICAM-1 + neutrophils through TLR4/NF-B-mediated pathway. ICAM-1 + neutrophils produced increased iNOS and NETs, thus might exaggerate inflammation and tissue injury during sepsis (Fig. 9) . Thus, targeting CIRP using KO mice showed reduced levels of ICAM-1 + neutrophils in the lungs and finally provided an outstanding survival benefit in sepsis, implicating a novel therapeutic approach in sepsisinduced ARDS.
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